Cu 2 ZnSnS 4 (CZTS) thin films were deposited on top of Molybdenum (Mo) coated soda lime glass (SLG) substrates using a single target rf magnetron sputtering technique. The sputtering parameters such as base pressure, working pressure, rf power, argon (Ar) gas flow rate, and deposition time were kept consistent throughout the experiment. The effect of different substrate temperatures, for example, room temperature (RT), 300 ∘ C, 350 ∘ C, 370 ∘ C, 400 ∘ C, and 450 ∘ C, was analyzed by studying their structural, electrical, and optical properties. As-sputtered films were then annealed at 460 ∘ C. X-ray diffraction (XRD) measurement revealed the structure to be kesterite with peak of (112) plane in both annealed and as-sputtered CZTS thin films. The crystallinity of the films improved with the increasing substrate temperature until 370 ∘ C. Secondary phases of MoS 2 , Cu MoS , Cu SnS , Cu S, and Cu 6 MoSnS 8 (hemusite) were also observed in the annealed CZTS films. Scanning electron microscopy (SEM) shows crystallite size of deposited CZTS thin film to be proportionally related to deposition temperature. The highest surface roughness of 67.318 nm is observed by atomic force microscopy (AFM). The conductivity type of the films was found to be p-type by Hall effect measurement system.
Introduction
Solar photovoltaic is rapidly becoming the leading choice as a clean electricity generation method. This is due to its intrinsic nature of requiring no fuel, being silent, and releasing no by-product gases into the environment whereas conventional electricity generation method like fossil fuel combustion creates pollution by exhausting gases such as CO 2 , NO 2 , CO, and SO 2 into the environment. PV industry has experienced a significant increase in progress both in terms of scientific breakthrough and commercialization success in the past years due to the desire of world community to decrease their dependence on fossil fuel driven electricity generation. To date single and multicrystalline silicon technology has dominated the PV market due to its proven performance stability and high effectiveness module over the years [1] .
However, due to high energy consumption processes which are involved in Silicon PV, scientific community has set their effort towards an alternative technology of thin film solar cells (TFSC). TFSC has the potential to be less expensive for its low material usage and low temperature processing methods. Furthermore, TFSC can be fabricated by various types of deposition methods on low cost rigid as well as flexible substrates [2] . Among the thin film solar cells, particularly CuIn Ga 1− (S, Se) 2 (CIGSSe), CuInSe 2 (CIS) and CdTe are already being commercialized for large scale PV manufacturing. Cu(In Ga 1− )Se 2 (CIGS) already achieved a record efficiency of 20.4% [1, 2] . However, CIGS and CdTe solar cell devices contain elements such as indium (In), selenium (Se), and tellurium (Te) which are rare in the earth's crust (indium and selenium are merely 0.05 ppm or less) and toxic [3] . Due to the imperative need of environmentally 2 International Journal of Photoenergy [4] . CZTS possesses Kesterite crystal structure [5] and it is a p-type semiconductor which has a suitable band gap energy in the range of of 1.4-1.5 eV and large absorption coefficient over 10 4 cm −1 [6] [7] [8] . Despite these interesting optical properties, so far a conversion efficiency of 12.6% has been achieved using a CZTSSe absorber layer by hydrazine chemical process [9] . Due to the aforesaid selenium scarcity and toxicity, pure sulfide based CZTS device is preferred rather than pure selenide or mixed sulfur-selenium containing device. Furthermore, physical vapor deposition method is more favorable than chemical process (hydrazine based process [10] , electrodeposition [11] , and sol-gel deposited [12] ) due to ease of scalability and compatibility in large scale commercialization manufacturing plant. Shin et al. reported highest efficiency of 8.4% for pure sulfide CZTS thin film solar cells fabricated by thermal evaporation method [13] . Efficiency more than 10% in laboratory scale is imperative for research start-up of mini submodules and subsequent large modules. Another popular route for CZTS polycrystalline deposition is sputtering of precursor followed by postdeposition heat treatment to promote crystal growth [14] . Sputtered precursor may consist of only metallic elements (Cu-Zn-Sn) or sulfur containing compound (Cu(S)-Zn(S)-Sn(S)) in which the nature of initial precursor properties will dictate the final CZTS absorber layer properties (elemental composition, crystal structure, surface morphology, electrical resistivity, and optical properties) after the heat treatment process. However CZTS material suffers from secondary phase formation rather easily due to the narrow window of thermodynamically stable phase [15] . Hence, incomplete intermixing of sputtered precursor during heat treatment can yield substantial undesired binary and ternary phases which can be detrimental in complete device.
In this study, sputtering of single stoichiometric quaternary target of CZTS has been carried by RF sputtering system. Substrate temperature during film growth has been varied from room temperature to 450 ∘ C while other process variables fixed. Finally, the sputtered films underwent heat treatment. The aim of this study can be divided into 2 aspects. Firstly, the effects of substrate temperature on assputtered films were the primary concern in this investigation. Hence, crystal structure, elemental composition, and surface morphology evolution of CZTS with respect of 
Experiment

Deposition Conditions.
CZTS thin films were deposited on Mo coated soda lime glass substrates of 75 mm × 25 mm × 1 mm by radio frequency (RF) magnetron sputtering system. Prior to deposition, all the substrates were cleaned ultrasonically in methanol (Sigma Aldrich)-acetone (Sigma Aldrich)-methanol-deionised water sequence and finally dried by blowing N 2 gas. Molybdenum (50.8 mm diameter, 99.95% purity, Kurt. J. Lesker) back contact was also sputtered by RF sputtering mechanism with the process variable as shown in Table 1 . With the mentioned sputtering deposition condition, a 1.6 m thick Mo was achieved. Source material for CZTS absorber layer used in this study is a 50.8 mm diameter stoichiometric (Cu: 25%, Zn: 12.5%, Sn; 12.5% and S: 50%) CZTS (Mitsui Ltd. purity: 99.99%) sputtering target. CZTS deposition condition is shown in Table 2 . Different substrate temperatures such as RT, 300
∘ C, and 450 ∘ C were investigated. All samples were cooled down naturally after the sputtering process before they were taken out to avoid oxidation.
Structural and crystallinity properties as well as the deposited film orientation along the film's surface normal were examined by BRUKER aXS-D8 Advance Cu-K diffractometer. XRD patterns were recorded in the 2 range from 10 ∘ to 80 ∘ using Cu K radiation wavelength, = 1.5408Å. Grain size, surface morphology, and compositional analysis were observed by using SUPRA 55 VP field emission scanning electron microscope (FESEM) equipped with energy dispersive X-ray (EDX) capabilities. EDX measurements were at operating voltage of 15 kV and effective spot size of 1 m. Surface topography and roughness were analyzed by using nano surf atomic force microscope (AFM) with noncontact mode settings. pump and N 2 gas; the undesired air was purged from the quartz tube several times before final vacuum evacuation. The samples were placed in alumina crucible which was precleaned ultrasonically with methanol and acetone to remove contaminant particles. Temperature of the tube furnace was increased from room temperature to 460 ∘ C with constant ramp-up rate of 25 ∘ C/min. Effective holding time was 60 minutes, followed by natural cooling process with the heater lid closed. The annealing profile (temperature versus time) is depicted in Figure 1 .
Postdeposition Parameters
Sample Identification.
The as-sputtered samples were denoted by A (A1-A6) and the annealed samples by B (B1-B6). (see Table 3 ).
Results and Discussion
The Effects of Substrate Temperature on As-Sputtered Film.
In our related works, we have found that the as-sputtered films prepared at 370 ∘ C exhibited strong preferential orientation of (112) plane, better crystallinity, and larger grain sizes than the other films sputtered at substrate temperature of 300 ∘ C, 350 ∘ C, 370 ∘ C, 400 ∘ C, and 450 ∘ C [16] . In this experiment, we added CZTS thin films prepared at room temperature (RT) to investigate the effects on the properties followed by postdeposition annealing treatment of all the films.
Structural and Compositional Studies.
To examine the influence of substrate deposition temperature, the crystallographic properties of as-deposited CZTS films were characterized by XRD and their patterns are shown in Figures  2 and 3 . As-sputtered films deposited at 350 ∘ C and above exhibit preferential CZTS crystal orientation of (112) from XRD measurement whereas film sputtered below 350 ∘ C did not show any significant peak other than Mo. This may serve as an indication that nucleation of sputtered CZTS starts at onset temperature of 350 ∘ C. Increase in substrate temperature from RT to 370 ∘ C improves the crystallinity of CZTS films as revealed by the increasing peak intensity. The samples A1, A2, A3, A4, A5, and A6 showed highest (112) diffraction peak at 2 = 28. ∘ , respectively, indicating the formation of kesterite type CZTS thin film (JCPDS 26-0575). Here, sample A4 showed more pronounced peak intensity than the other samples, indicating optimum growth temperature of CZTS thin film. The crystallinity decreases for films deposited at higher than 
370
∘ C for samples A5 and A6. By scrutinizing the EDX result in Figure 4 , sample A4 has the closest atomic ratio for a stoichiometric CZTS structure. Other samples exhibit severe Zn loss and excess of S (with respect to target's elemental composition supplied by manufacturer). This is consistent with findings from Xie et al. [17] whereby Zn loss occurs during single ceramic target sputtering. Zn loss is attributed to the high partial pressure of Zn combined with the elevated temperature during sputtering which facilitates Zn migration out of CZTS film. No elemental Zn diffraction peak was detected, ruling out the possibility of Zn dissociation from CZTS crystal and segregation in CZTS films. Since no external sulfur was supplied during annealing, increase in sulfur can be attributed to the normalization effect of elements from EDX measurement. Under this condition, formation of SnS compound is most likely to happen although no SnS peak was detected in the XRD spectra. Diffraction peak of Mo could also be observed due to the Mo substrate.
In order to optimize the growth condition of CZTS due to annealing treatment Figure, 3 shows the XRD patterns of the annealed CZTS films obtained at different substrate temperature. Here, the CZTS diffraction peaks of (112) were seen for samples B1, B2, B3, B4, and B5 at 2 = 28.56 ∘ , ∘ for samples B2, B3, B4, B5, and B6, respectively. All annealed films show severe Sn loss which can be attributed to the high partial pressure of SnS and Sn compound and element, respectively [20] . Combined with Zn loss in the initial precursors and compounded by the Sn loss after the annealing process, formation of secondary phase is expected. Formation of Cu 6 MoSnS 8 and MoS 2 compounds indicate interdiffusion of Mo and CZTS compound due to the additional thermal energy, whereas the peak of hemusite could be seen at 26.76 ∘ on the sample B3. This finding is consistent with the report from Scragg et al. group whereby they have found secondary phase formation at the back contact during annealing [21] . At about 2 = 26.64 ∘ and 47.2 ∘ , peak of Cu 4 SnS 4 and Cu 2 S could be observed for sample B6.
The presence of secondary phase may arise from the excess Cu and poor Zn. From Figure 3 , it can be signified that Cu 2 S or Cu SnS do not form compounds at low temperature [22] . Sample B5 exhibited a Cu-Sn sulphide peak whereas sample B6 showed no formation of Sn. It is thought that at 450 ∘ C substrate temperature, Sn was extremely deficient and Cu could not react easily with Sn. Comparable outcomes that copper-rich impurity phase also easily occurred in Cu-rich CZTS thin film had been reported by other researchers [23, 24] . However, drastic increase of Zn concentration in sample B6 was not anticipated given that a steady trend of Zn loss has been already observed for all the samples (as-sputtered and annealed). Hence, this anomaly is subject for further studies; however, initial assumption for this phenomenon is that the concentration variation is positional dependent meaning that the EDX spot might have probed ZnS compound giving rise to Zn and S elemental ratio.
From the XRD patterns some secondary phases could be observed on the annealed films. For sample B2, hemusite (Cu 6 MoSnS 8 ) might have occurred due to extreme Zn deficiency which can be explained by the EDX spectroscopy results. With the elevation of substrate temperature, the secondary phase forms until it reached higher temperature of 400 ∘ C and the CZTS film started decomposing.
Topological and Morphological Properties.
Surface topology studies were performed by AFM measurement and are shown in Figure 5 . RMS surface roughness and surface morphology were analyzed and the surface roughness trend is plotted in Figure 6 . As-sputtered films show relatively lower surface roughness compared to annealed films. Higher roughness values of annealed films are attributed to larger grain size due to better nucleation process during annealing process. Larger grain clusters are confirmed by the surface topology attained from AFM and also the measured grain size from FESEM images as showed in Figure 10 . From the AFM images in Figure 6 , the difference in the topology of two samples, sample A4 and sample B4, can be well observed. It can be seen that sample A4 has smaller grain size and more pinholes. Whereas because of annealing treatment of the same sample, the grain size increased, as well as the fact that pinholes were eliminated.
Substrate temperature affects the morphology of CZTS thin films by influencing the growth rate of the nanocrystals. For the as-sputtered films, sample A4 has the highest grain size of 191.05 nm. Annealing of A4 film which is sample B4 showed increased grain size of 215.94 nm which is the highest grain size achieved in this experiment. From Figure 7 , it can be clearly discerned that an important structural property that was affected due to annealing treatment is the grain size. Decrease in grain size for samples sputtered at 400 ∘ C and 450 ∘ C is in agreement with the XRD spectra in which CZTS peaks are not detected. Significant changes could be observed on the thickness of CZTS films. Although all the deposition parameters were the same except the substrate temperature, for as-sputtered films, with the increase of substrate temperature the thickness of CZTS film increased up to 370 ∘ C substrate temperature from 65.9 nm (at RT) to 191.05 nm (at 370 ∘ C) and then it started decreasing. The annealed films followed the same trend as from thickness of A1 = 195.4 nm (at RT) to B4 = 614.1 nm at 370 ∘ C. But due to the annealing treatment, the thickness of the films decrease than that of the assputtered films fabricated at the same substrate temperature. Figure 9 illustrates the variation of the thickness of CZTS films (as-sputtered and annealed) more specifically. Lower thickness of annealed films is due to rearrangement of CZTS lattice due to thermal agitation during annealing process.
Hence, CZTS film densifies and becomes more compact consequently decreasing the film thickness.
The morphology of the annealed CZTS films showed some voids (Figure 10(a) ) at lower substrate temperature that disappeared with the increase of the substrate temperature. Sample B4 showed no voids and highest grain size which can be observed from Figure 10 (b). Fewer voids in the CZTS absorber layer are desirable as it leads to higher conversion efficiency [10] .
Conclusion
CZTS thin films were sputtered at 6 different substrate temperatures ranging from room temperature to 450 ∘ C and subsequently vacuum annealed for 60 minutes at 460 ∘ C. Structural analysis for as-sputtered films showed that substrate temperature of 370 ∘ C results in the highest crystallinity, grain size, and layer thickness. This trend is attributed to the atomic ratio of the film which was the closest to the stoichiometric CZTS compound confirmed by EDX measurement. Surface roughness of as-sputtered films was insensitive to substrate temperature as minimal variation of RMS roughness was found but undesirable pinholes were observed. As for annealed films, the thickness decreased due to heat treatment which densified the as-sputtered precursors. However, larger grains were detected confirming that annealing process induces better nucleation and grain coalescence upon recrystallization. Annealed films possess rougher surface for CZTS films grown at 370 ∘ C and subsequently annealed at 460
∘ C, which demonstrate the lowest roughness, suitable for application to photovoltaic absorber layer.
